Abstract p Λ emission in coincidence following K − absorption at rest in nuclei is studied using quantum mechanical scattering theory and nuclear wave functions. K − absorption is assumed to occur on two protons in the nucleus. In the formalism, emphasis is put on the study of the final state interaction (FSI) effects of p and Λ with the recoiling nucleus. We include elastic scattering and single nucleon knock-out (KO) channels in the FSI. Calculations are presented for the 12 C nucleus, using shell model wave functions, and without any extra mass modification of the K − pp system in the nucleus. Calculated results are presented for the angular correlation distribution between p and Λ, their invariant mass distribution and the momentum spectra of p and Λ. These results are compared with the corresponding experimental measurements [1] . With only elastic scattering FSI included, the angular correlation distribution and the momentum spectra are found to be in good accord with the corresponding measurements. With full FSI the calculated p Λ invariant mass distribution is found to have two peaks, one corresponding to the elastic scattering FSI and another to single nucleon KO FSI. The KO peak agrees fully, in position and shape, with the peak observed in Ref. [1] . The peak corresponding to elastic scattering FSI does not seem to exist in the measured distribution. Considering that such a two peak structure is always seen in the inclusive (p, p ′ ) and (e, e ′ ) reactions in nuclei at intermediate energies, absence of the elastic scattering peak in the p Λ reaction is intriguing.
I. INTRODUCTION
The K − p interaction is attractive in s-wave and isospin, T = 0 state. Because of this there is much interest in its study and the study of its implications in the possible existence of the K − nucleus quasi-bound states in nuclei. Experimentally, the existence of such bound states is indicated in the FINUDA measurements [1] of the stopped K − absorption on Li, C and other target nuclei. These experiments using the FINUDA spectrometer installed at the DAΦNE collider detect a Λ hyperon and a proton pair in coincidence following K − absorption at rest on several nuclei. The emitted Λ-p pair is found to emerge, predominantly back to back in all target nuclei, and have their invariant mass distributions peaking significantly below the sum of a kaon and two proton mass in free state (2.370 GeV). If it is assumed that the Λ-p pair is emitted from a "K − pp" system in the nucleus, this mass shift implies a bound K − pp system in nuclei with the binding energy above 100 MeV. In a more elaborate second run of these experiments carried out recently [2] it is further reported that these mass shifts occur only for the K − pp module, and not for the K − np cluster. The absorption on an n p pair gives Λ-n and Σ − -p pairs in the final state.
Recent analysis of the old DISTO data from the Saturne accelerator on p p → p Λ K + reaction too suggests the existence of a K − pp cluster with the binding energy around 100
MeV [3] .
Theoretically, following the extraordinary success of the SU(3) chiral perturbation theories in describing the π-N and K + -N systems, the K − -p system has also been studied under this framework, though, unlike pion and K + cases, the basic interaction here is relatively strong. This, however, is incorporated in these studies by including terms up to order q 2 in the chiral Lagrangian expansion. Then, in combination with non-perturbative coupled-channel techniques this framework has been found quite appropriate for the study of antikaon-nucleon interaction in the literature. It was first developed in Ref. [4] , and subsequently expanded in Ref. [5] . Various channels involved for S = −1 meson-baryon
With the proper choice of parameters entering in these calculations, all available low-energy scattering data in these channels are reproduced well. The K − p scattering amplitude resulting from these calculations have a two pole structure between Σ π andK N thresholds. The pole which is located close to the real axis couples strongly to theK N channel, while the one coupling strongly to π Σ channel lies away from the real axis. Empirically, only available information pertaining to K − p scattering below threshold is the Σ π invariant mass distribution. This mass spectrum has its maximum at 1405 MeV, and has a width of about 50 MeV. In the Particle Data Group table [6] this is identified as T = 0, spin half, S = −1 Λ(1405) K − p bound state with a binding energy of 27 MeV. However, it is noticed in the literature that there is some subtlety involved in assigning a mass to the Λ(1405). The observed Σ π spectrum has T = 0.
Hence, in principle, it can have a generic s-wave T = 0 source. This means that one needs to fit a superposition of the contributions from both, theK N and Σ π poles mentioned above, to reproduce the observed Σ π spectrum and assign a mass to Λ(1405). Within this scenario it turns out that both the poles contribute roughly in equal measure to reproduce the measured Σ π spectrum, with a tendency towards higherK N share. A more thorough investigation of this issue has been carried out recently in Ref. [7] . They conclude that for the study ofK N scattering, amongst various channels involved in the coupled channel calculations, theK N and Σ π channels dominate and they couple strongly. They also conclude that the mass of the Λ(1405) state is in fact 1420 MeV, and not 1405 MeV, thus making it only 12 MeV belowK N threshold.
Recent measurements on the p p → p K + Y 0 reaction at COSY [8] , however, seem to present experimental evidence which do not support the above two pole model for the Λ(1405). The shape and position of the Λ(1405) distribution in these measurements is reconstructed cleanly in the Σ 0 π 0 channel using invariant-and missing-mass techniques.
The mass of the Λ(1405) is found to be ∼ 1400 MeV and width ∼ 60 MeV.
Theoretical search for the antikaon-nucleus bound state has been carried out in the literature following the variational approach [9, 10] and the Faddeev method [11] for K − plus 2-3 nucleons and heavier nuclei. All these calculations need, as input, realistic choice for the NN and the K − -N potentials. For the nucleon-nucleon potential, following extensive work over the years on this subject, it is always possible to make a correct choice. For the MeV. This suggests that the K − pp module might not be sufficiently bound to produce any experimentally observable signal corresponding to the antikaon-nucleus mesic bound state.
The situation is further confused by the suggestion in Ref. [12] , that the down-shift observed in the invariant mass of the p and Λ in the FINUDA experiment could be the result of the final state interaction of these particles with the recoiling nucleus. This seems quite plausible because, due to Q-value of the K − + p p → Λ p reaction being around 317
MeV, the kinetic energies of outgoing p and Λ are 160 MeV or so. At these energies, it is well known that in the nucleon-nucleus scattering the reactive cross section mainly consists of the single nucleon knock-out channel [13] . Thus, the knock-out of one nucleon in the nucleus by the out going p or Λ can shift their energies considerably. The calculations in
Ref. [12] indeed reproduce the observed mass shifts in the FINUDA experiments. However, as mentioned earlier, the similar effects not observed in Run (2) of FINUDA in K − -p n absorption can not be reconciled with this explanation [2] .
Therefore, the situation on the (K − , p Λ) reaction in the nucleus seems very confusing. It calls for more studies on the description of the reaction dynamics, as well as the K − -nuclear binding.
In the present paper we reexamine the hypothesis of Magas et al. [12] of the origin of the observed Λ-p peak in the FINUDA measurements to the single nucleon knock-out events in the final state. The calculations reported in Ref. [12] are the computer simulations of the internuclear cascade model for the nucleon-nucleus scattering. This approach describes the sequence of nucleon-nucleon collisions of the outgoing nucleon while passing through the residual nucleus in the final state in the framework of classical physics. The trajectory of each nucleon is followed. After a mean free path a N-N collision takes place and its results are computed by Monte Carlo or some similar method. Apart from the Pauli principle there are no quantum mechanical effects in this approach of describing the FSI. The nucleus too is described by the Fermi gas model, thus being totally devoid of any nuclear structure effect.
In view of the crucial role played by the FSI in interpreting the FINUDA Λ-p measurements for K − -nuclear bound states, it is absolutely necessary that the FSI in this reaction is described using quantum mechanical scattering theory and nuclear wave functions. This is the purpose of the present paper.
The paper is organized as follows. In Section 2, first, based on physical reasoning, we present an overall description of the (K − , Λ p) reaction following K − absorption in the nucleus along with an appropriate final state interaction. This is followed by the formalism utilized for the evaluation of the cross section. Calculated results along with a discussion around them are presented for 12 C target nucleus. This is followed by the conclusions.
To remain specific in our discussion and presentation, in the following we consider 12 C target nucleus all along.
The K − meson after being captured in a high atomic orbit reaches the 3d orbit through electromagnetic transitions. From there onward it comes under the influence of the strong nuclear interaction and gets absorbed. The X-ray transition width for the 3d → 2p transition and the nuclear capture from the 3d orbit are reported in [26] to be 0.0749 eV and 0.98 ± 0.19 eV respectively. This gives the relative population of kaons in 2p and 3d orbits, using
around 7%. Such a small population of kaons in the 2p orbit also makes nuclear capture of kaons from the 1s orbit as insignificant. We, thus, consider in our calculations the capture of the kaon from both the 3d and 2p atomic orbits. The K − absorption yield for the pΛ branch is written as the weighted average yield from these orbits as
However, as we will see later ( Fig. 1 ), due to larger centrifugal barrier, the overlap of the 3d orbit with the nuclear wave functions is about 2 orders of magnitude smaller than that of the 2p orbit. Furthermore, as the calculation of the absorption yield, ω involves the square of this overlap, despite the factor of 0.07 in the above for the 2p orbit, the contribution from the 3d orbit to the K − nuclear capture remains about two orders of magnitude smaller than that from the 2p orbit. Therefore, in the following we present calculations considering the capture from the 2p orbit only.
In the absorption process, the Λ hyperons in the final state are produced either in the quasi-free process K − N → Λ π or the two-nucleon absorption process Additionally, the target nucleus, after absorption, is left into a two hole shell model state.
Structurally, two aspects of nucleon motion in the nucleus appear in the (K − , p Λ) absorption process in the nucleus. Because of the predominantly back to back emission of p and Λ hyperon and their momenta being centred around 570 MeV/c, the absorbing pair of nucleons in the nucleus needs to be as close as around 0.2 fm to each other at the time of K − absorption. Since the N-N potential at these distances is very strong, the relative wave function of these protons has strong short range correlations. These correlations in the nucleus, however, heals very fast [14] and the wave function goes over to the shell model mean field wave function. The centre of mass of these two protons, however, has no such constraints on it, hence, it always moves in the most probable trajectory given by the nuclear mean field. The appropriate 2-proton wave function in the nucleus for the kaon absorption, therefore, has the form,
where ψ's are the shell model wave functions and f (r) is a Jastrow-type correlation function [15] .
The outgoing p and Λ will also be correlated similarly by a correlation function, say f ′ (r).
The healed p-Λ wave function here, however, will be a phase shifted wave function.
Consequent to the above completely two different space scales involved, the absorption probability for K − in the nucleus for the p-Λ branch (for absorption on a p p pair, say) factors into two parts (shown in the next section),
where q = (m p p Λ − m Λ p p )/(m p + m Λ ) and Q = p p + p Λ are the centre-of-mass and the total momenta of the p and Λ respectively. g and G are respectively the absorption strength for K − p p → p Λ process in their centre of mass and the momentum probability distribution of nuclear wave functions corresponding to the total momentum, Q. Because of the back-to-back emission of p and Λ, obviously the magnitude of q is very large and that of Q is small. Due to these vastly different momentum scales for q and Q, over most of the variables measured in the (K − , p Λ) reaction, while G(Q) can go through a large variation, the factor g(q) does not change much. Before we talk about the final state interaction (FSI), let us mention that the K − absorption in the nucleus occurs on its surface. Quantitatively, this region is determined by the overlap of the K − 2p and 3d atomic orbits with the spatial distribution of the absorbing protons. Fig. 1a shows these overlaps, where
For the Above localization of the P (r) beyond the 12 C rms radius coupled with the back to back emission of p and Λ following absorption, suggests that only one of the two emitted particles, p and Λ, goes into the nucleus at a time. The other particle moves outward. Hence, the FSI with the recoiling nucleus is mainly suffered by only one particle, p or Λ at a time. The channels which dominate in contribution to this interaction are the elastic channel and the single nucleon knock-out (KO) channel. The latter is known to constitute about 80% of the total reactive cross section in the proton-nucleus inelastic scattering in nuclei around 160 MeV proton energy [13] , which is the relevant proton energy in the present study. Out of these, the effect of the elastic channel at intermediate energies is mostly absorptive, while that of the KO channel is dispersive as well as absorptive. In our calculations, we include both the channels. The inclusive probability for a process like
is therefore written as
The sum of two terms in the above is incoherent because in principle (by making exclusive measurements) we can distinguish between elastic scattering and single scattering with one target nucleon being knocked out. 
III. FORMALISM AND RESULTS

A. Elastic
The "elastic" process for the this excitation by n. The inclusive absorption probability for protons in shells (n 1 l 1 ; n 2 l 2 ) in the nucleus is then given by
where
n is the excitation energy of the state n in B. T x denotes the kinetic energy of the particle x. Bar on the sum in the above expression denotes the average and sum over the spins in the initial and final states respectively. The transition matrix element M f i is given by
where N l 1 l 2 are the active number of absorbing proton pairs in shell (n 1 l 1 ; n 2 l 2 ) in the target nucleus, A. Ψ x is the nuclear wave function, and χ is the elastically scattered p and Λ wave
12 is the absorption vertex, and it depends only on the proton coordinates, x 1 and x 2 in the nucleus A. ξ represents collectively the coordinates of the (A − 2) nucleons.
To proceed further we note that since the excited states 'n' in the nucleus B are the hole states corresponding to two nucleons, they are not likely to have much energy spread.
Hence, in the energy delta function in Eq. (8) we replace E * n by | B 1 + B 2 | = B 12 . With this we obtain
with [P S], the phase space factor, given by
and
Sum over 'n' is now performed using the "closure relation",
Since we are interested only in the inclusive absorption strength we take a simple description of the target nucleus, where the absorbing protons move in shell model orbitals (n 1 l 1 ) and (n 2 l 2 ) and the core of (A−2) nucleons is a spectator. With this description, above expression reduces tō
is the properly anti-symmetrized two proton wave function in the nucleus. In the LS representation it is written as
For two protons in the same shell antisymmetry requires that L + S = even. Further on, performing sum over m 1 , m 2 , σ 1 and σ 2 contained in¯ σ in Eq. (13), we get
The correlation functions f (r) and f ′ (r) mentioned in Eq. (3) and after it are absorbed here in the absorption vertex H
To proceed further, let us now utilize the fact that the momentum q appearing in the
has large magnitude and a short range. Because of this, in the expression for|M f i | 2 we can factorize the expectation value of H
from the rest, and
Two expressions in the square brackets in above can be identified with two terms of Eq. (4), i.e.
2. Distorted waves χ ′ s
As the energies of the proton and the lambda following K − absorption is around 160
MeV or so, we describe the scattering of these particles by the recoiling nucleus using eikonal approximation. The basic assumption in this description is that the propagating particle is mainly scattered in the forward direction. Taking z-axis parallel to the proton momentum, p p , the proton distorted wave, χ − * pp is written in eikonal approximation as
where the distortion function D is given in terms of an optical potential, V p by
where r = ( b, z). For writing the Λ distorted wave we recall that the Λ moves opposite to the proton. Therefore, the momentum vector p Λ is anti-parallel to the chosen z-axis. The distortion factor, D p Λ ( r) for Λ therefore becomes [16] 
Combining D ′ s for the proton and the lambda we then get
If we make the "tρ" approximation for V ′ s and assume forward scattering for t, we get
where σ x T and β x are respectively the total cross section and the ratio of the real to imaginary part of the scattering amplitude for the xN system. Now, if we ignore the difference between the proton and the lambda elementary scattering parameters and take them as that for the better studied p N system at some mean value of the p and Λ energies, above expression simplifies to
where ρ(r) is the nuclear density and T ( b) is the total nuclear material seen by the proton and the lambda together at an impact parameter, b. It is given by
with r ′ = √ b 2 + z ′ 2 . Now if we observe Eq. (24) for D( r) a little closely, we realize that this, in fact, is the total distortion factor for the passage of a proton from one end of the nucleus to another. This, thus, is the mathematical description for the statement made in an earlier Section that, because of the peripheral localization of the K − absorption and the back-to-back emission of p and Λ, total scattering of the p and the Λ can be included in the final state by considering the passage of only one particle (p or Λ) through the whole nucleus.
Furthermore, since the effect of distortion at the energies of p and Λ in the studies here (∼ 160 MeV) is mainly absorptive, and most of the measurements on pΛ following K − absorption are of inclusive type, it will be reasonably correct to include the overall effect of the distortion in G(Q) by multiplying it by an attenuation factor, η A (T p ), given by
and removing the distortion factor from the integral in Eq. (18) . Factor P in above has been introduced before σ pN T to include the effect of Pauli-blocking of the nucleons in the nucleus after scattering. A nuclear matter estimate for its value above twice the Fermi energy is given by [17] 
where ǫ = T p E F , with E F denoting the Fermi energy.
With above treatment of distortion, Eq. (18) for G(Q) simplifies to
where where R x are the nucleon radial wave functions in the nucleus.
The value of η A (T p ) depends upon the proton energy, T p through P σ pN T and upon the nucleus through the thickness function, T (b). To get an idea about the value and its variation, in Fig. 3 we plot η A (T p ) in the proton kinetic energy range 50-250 MeV for three nuclei, Prescription to describe the absorption vertex, g abs (q) is not clear and also not simple.
One thing, which is definite about it is that, it involves large momentum transfer, hence, spatially it can not be localized over any extended volume. Dynamically, the one-nucleon absorption mechanism, K − p → πΛ is understood to involve the Λ(1405), which decays in to a pion and a hyperon. The range of this vertex is determined by the Λ(1405) propagator. A study in Ref. [28] suggests that the absorption probability depends upon this range, and in their estimate this range could be around 0.75 fm or so. The two nucleon mechanism, due to strong attractive K − -p interaction in the T = 0 state, involves dynamically a strongly correlated system of K − pp, where the K − is continuously exchanged between two protons.
Detailed dynamical composition of this system is determined in the χPTs by the nonperturbative coupling amongst various S = −1, T = 0 channels,
This system eventually decays in to pΛ. Exact mechanism of this decay is not immediately obvious. However, in line with the one-nucleon K − absorption, one mechanism could be that at some stage in the K − pp system a Λ(1405) is produced, which, as suggested in Ref. [10] , interacts with another proton through an exchange of pions or a pair of π-K and goes over to the p-Λ final state. In Ref. [10] , using the range parameter 0.2-1.2 fm for the absorption vertex the authors estimate the decay width of 2-8 MeV for the K − pp system, with the maximum width occurring for the range around 0.7 fm. Thus, it appears that, even if the details of the absorption vertex is not known very clearly, two things are clear: (i) the magnitude of the two proton K − capture depends upon the spatial extension of the absorption vertex, and (ii) the probable range of the vertex is such that the variation of the capture probability with momentum, q could not be very rapid.
The (K − , p Λ) reaction measurements have been done on the distributions of the Λ (and proton) momentum, invariant p Λ mass, and their angular correlations. In all these distributions, as we will discuss in the next Section, each point involves a folding of g(q) and G(Q). However, the values of q for all the measurements are large (around 500 MeV/c) and do not have much spread (only up to 10%). Because of this, the factor g abs (q) (Eq. (17)) in the formalism enters in determining the absolute magnitude of the (K − , p Λ) process only.
The shapes of different distributions are determined by the factor G(Q). Furthermore, as the available data from the experiments exist only in arbitrary units, we have taken g abs (q) as a constant factor, denoted by C, in our calculations.
Results
Before we present the results let us make some points about the FINUDA experiment.
The Λ's are detected in this experiment by reconstructing the invariant mass of the Λ decay products, p and π − . However, the restriction on the low momentum threshold for π − in the FINUDA spectrometer is such that it cuts out the Λ hyperons with a momentum lower than 300 MeV/c. Therefore, the Λ from the quasifree process (K − N → Λ π) in this experiment is hardly observed. Above around 400 MeV/c , since the main contribution comes from twonucleon absorptions (K − "NN" → Λ N , Σ 0 N), the FINUDA measurements have major contribution from this capture process. Furthermore, the measurements are done with the p and Λ in coincidence, with the cosine of the angle between them restricted as −1 ≤ cos θ pΛ ≤ −0.8. The latter constraint is put because the cross section beyond these limits is insignificant (see Fig. 4 ).
For calculations, putting all factors together from the above Section, the differential absorption strength, dω for K − -absorption on two protons in shell model orbitals, (n 1 l 1 ; n 2 l 2 ) is finally written as
where all the terms are as defined in above Sections. We present here calculated results using this expression for the 12 C target nucleus with an appropriate phase space factor, [P S]. The proton wave functions in 12 C are generated in an oscillator potential, whose length parameter, b is taken equal to 1.67 fm. This parameter fits the elastic electron scattering data on the 12 C nucleus [18] . The binding energies of protons in 1p and 1s shells are taken as given by the (p, 2p) and (e, e ′ p) reactions [19] . For 12 C they are 15.96 and 34.0 MeV respectively. The K − absorption is considered to occur on proton pairs in 1p, 1s and 1s1p shells. The value of N l 1 l 2 for these absorptions is taken equal to the number of possible proton pairs in these shells, as an upper limit. They are in the ratio of (1p) 2 : (1s1p) : (1s) 2 :: 6 : 8 : 1.
The phase space factor, P S for calculating the angular correlation between the p and Λ and their momentum distribution is written as
.
In Fig. 4 we present the calculated angular correlation between the Λ and the proton along with the FINUDA measurements. We find them to agree very well with each other.
The steep rise in the distribution towards θ Λp = 180
• is the strong confirmation of the two-proton absorption mechanism. Both the results are given in relative units. Measurements have also been done in the FINUDA experiment on the momentum distributions of the proton and Λ. The measured Λ distribution from Ref. [20] is shown in Fig. 5 .
If one believes that the observed p and Λ come from the two-proton absorption vertex and do not undergo any further FSI except the elastic scattering, this distribution should be similar to the one calculated using Eq. (31). We show the calculated Λ and proton momentum distributions in Fig. 5 , and find that the peak position of the Λ distribution nearly agrees with the corresponding measured distribution. The shape of the calculated distributions is however found to be less broad compared to the observed one. Larger magnitude of measured events below 400 MeV/c, which makes it broader can not be understood easily. They can not be attributed to the quasifree process either because the FINUDA spectrometer cuts off Λ's below 300 MeV/c. Another source of this deficiency can be that, in our calculations we have taken g abs (q) (denoted by C in Eq. (31)) as constant. We examined it. As we see (dω / dp) [relative units]
(dω / dp p ) (dω / dp Λ )
Counts (expt.) Next we calculate the p-Λ invariant mass distribution. The phase space for this is written
where µ xy denotes the reduced mass of the x, y system. The magnitudes of Q and q are determined for a given invariant mass M Λp through
The angle θ Qq between Q and q is constrained such that −1 ≤ cos θ pΛ ≤ −0.8. Calculated invariant mass distribution along with the corresponding measured FINUDA distribution [1] are shown in Fig. 6 . We observe that, compared to the mass of K 
Conclusion
In the two-nucleon K − absorption model, with only elastic scattering of p and Λ included in the final state, the measured Λ-p angular correlation distribution is reproduced well, and the momentum spectrum of Λ's to a reasonable extent without introducing any additional binding of the "K − pp" module. The calculated invariant Λ-p mass distribution, however, peaks around 70 MeV higher than the measured one. Attributing this shift to the additional binding of the "K − pp" module, the calculations including this binding in kinematics, obviously, reproduce the peak position of the measured mass distribution, but the shape of the distribution remains very narrow. It also spoils the agreement with the Λ momentum distribution achieved without including any "K − p p" binding. Thus, in an overall conclusion it seems that the observed invariant mass distribution in the (K − , p Λ) reaction does not correspond to the peak predicted in this Section with only elastic scattering included in the FSI.
and then substituting this phase space expression in Eq. (31), and identifying
However, before we proceed further let us mention that Eq. (36) for the knock-out contribution, which has a factorization of the vertex I and II, holds under a certain approximation.
More correctly, as shown in diagram 2(b) these two vertices should have been correlated in space through the proton (or lambda) propagator between them. This propagator would be a proton scattered wave between the two vertices with an outgoing boundary condition.
That is, we would have between two vertices a factor like
where f ( p, p ′ ) collectively represents all other factors. U represents the proton interaction with the medium. This integral has two parts, one originating from the principal value and another from the energy conserving δ-function part of the propagator. Physically these two parts represent the off-shell and the on-shell scattering in the intermediate state. The on-shell part can be shown to be roughly proportional to the proton momentum, hence dominates at higher energies. The off-shell part dominates at lower energies (see for example [27] ). In our case, since the energies of the proton (or lambda) are in the intermediate energy range, we have restricted ourselves to the energy conserving on-shell contribution only. This, essentially is the assumption implicit in writing Eq. (36) with the proton being described at both vertices by distorted waves.
Inclusive Knock-out Cross section
Proton induced single nucleon knock-out reaction at intermediate energies is a well studied subject experimentally as well as theoretically [21] . Using the notations given in diagram delta function in Eq. (42) we can replace, to a reasonable approximation, E * n by the binding energy, B N of the knocked-out nucleon in B. This simplifies the summation over n in Eq.
(42). Using closure, we can then write
where ξ collectively denotes coordinates of all the spectator core nucleons in the nucleus B.
To proceed further we now use a simple description of the nucleus. We write the target nucleus B wave function as a product of a single nucleon ('N') wave function in a shell with quantum numbers "nl" and the core nucleus wave function Φ c (ξ). With this Eq. (45) reduces to
where S(l) is the nucleon spectroscopic factor. In the present simplified description of the nuclear wave function, it is equal to the number of nucleons in the shell "nl". 
The single nucleon knock-out cross section expression (Eq. (42)) subsequently becomes
To obtain the expression for the inclusive cross section we still need to integrate this expression over Q R . Following Ref. [22] we use the energy delta function to remove angle integration, and with some algebraic manipulations obtain
Substituting this in Eq. (49) 
Here Q min R is that minimum momentum which a nucleon of binding energy B N must have in the nucleus for the scattered proton to be observed at a scattering angle θ with a momentum | p p |. Its value is given by
Eq. (51) for the knock-out cross section assumes that the incoming proton and the outgoing nucleons do not suffer any additional scattering except the hard knock-out collision.
This additional scattering, however, can be incorporated in the formalism by replacing the plane wave description of the continuum nucleons by the "distorted waves", which would be solutions of the wave equation with appropriate optical potentials in it. Several studies of the distortion effect in the knock-out reaction have been carried out in the literature and it has been found that in the energy range of nucleons of interest to us here, the effect of distortion is mainly absorptive. The dispersive effect is very small. The absorption factor for 12 C (p, 2p) 11 B reaction at 160 MeV beam energy, for example, in Ref. [23] is found to be around 0.5.
Finally, before closing this Section we determine the extent of accuracy to which the expression in Eq. (51) describes the measured inclusive proton induced single nucleon knockout cross section. We calculate the inclusive cross sections at 160 MeV beam energy for 12 C and compare them with the measured (p,p ′ ) ones at the same beam energy [13] . The calculated results are summed over the knocked-out nucleon (including both neutron and proton) from 1s and 1p shells. The single nucleon binding energies for them are taken from
Ref. [19] . The nucleon-nucleon differential cross section in the centre-of-mass required in the calculations are taken from the analytic form given in Ref. [24] , i.e.
where the cross section is in mb and energy (kinetic) knock-out scattering from the nucleus along with the experimental points at the same energy [13] .
With these inputs and the distortion factor equal to 0.5 (as discussed above), the calculated energy spectrum for the proton going at 30
• , for example, in the lab. frame along with the experimental cross sections is shown in Fig. 7 . As we see, the agreement between them, both in shape and magnitude, is very good. This validates the accuracy of Eq. (51) for the description of the inclusive knock-out channel and gives confidence for its use in calculations of the (K − , p Λ) reaction.
Results
The final expression for calculating the knock-out contribution to the K − absorption probability is obtained by substituting Eq. (51) for σ KO ( p p , p ′ p ) in Eq. (36). We get
where f ( p ′ p ) is given by Eq. (39). As in the case of "elastic scattering" we present here calculated results for the target nucleus 12 C. The results are the probabilities summed over two proton hole states in various pairs of (n 1 l 1 ; n 2 l 2 ) shell model orbitals at vertex I and, for each of these pairs, summed over various one nucleon nl orbitals in nucleus B at the knock-out vertex II. Since in the final state after knock-out we do not detect the knocked out nucleon, we use the spectroscopic factor, S(l) summed over both, the neutrons and protons.
The radial part of the bound state wave functions, as discussed in the last Section, is taken for the oscillator potential. The differential scattering cross section for p-N is described by Eq. (53) with energy taken corresponding to momentum p ′ p of the proton incident at the vertex II (Fig. 2b) . Required σ T for proton on nucleus B at energies corresponding to different proton momentum, | p ′ p | is taken from Ref. [25] . This cross section, of course, does not vary significantly over the p ′ energy range of interest here.
The physical effect of knock-out scattering at vertex II is to reduce the energy of the proton p ′ and deflect it from its direction of incidence. The amount of these changes, as can be seen from the experimental results on inclusive (p, p ′ ) reaction at 160 MeV in Ref. energy variation of the p and Λ due to Fermi motion of the absorbing protons in the nucleus A, however, has been kept intact. With this, in Fig. 9 we show the calculated invariant mass distribution of p-Λ after knock-out scattering along with the FINUDA measurements [1] . It is extraordinary to see that the calculated mass distribution totally agrees with the measured ones. They agree in mass shift as well as in the shape of the distribution. This is the same observation as reported in Ref. [12] .
However, to get the complete p-Λ invariant mass distribution we need to add to above the contribution from the "elastic scattering" FSI corresponding to vertex I (Fig. 2a) .
Therefore, in Fig. 9 we also show the p-Λ invariant mass distribution due to vertex I, and the sum of the "elastic" and "knock-out" contributions. The summed distribution obviously has two peaks, one corresponding to "elastic scattering" FSI and another to the "single nucleon knock-out" FSI. This is similar to the inclusive inelastic spectrum normally seen experimentally in (p, p ′ ) or (e, e ′ ) scattering on any nucleus at "intermediate energies" [13] .
Unusual thing following K − absorption seen here is that the peak corresponding to "elastic scattering" seems to be missing in the FINUDA data. This is intriguing.
Conclusions
We summarize our observations for the Vertex II as,
1. The calculated invariant p-Λ mass distribution totally reproduces the experimentally observed distribution. This is in line with the finding in Ref. [12] .
2. Though we have not shown the full calculations for the inclusive energy spectra for the proton or lambda and angular correlation between them, we believe that due to large deflection and energy shift by the single-nucleon knock-out scattering the agreement seen in Figs. 4-5 between the observed and calculated angular correlation between the p and Λ and the inclusive p and Λ energy spectra using only the vertex I will be spoiled considerably. We have not calculated these spectra fully because, due to several integrations over various kinematic variables, they are very long and involved.
IV. SUMMARY AND FINAL CONCLUSIONS
We have calculated the inclusive differential absorption probability for K − at rest in 12 C nucleus for the p Λ exit channel. The K − is assumed to be absorbed on a pair of protons in the nucleus. The final state interaction in the reaction includes the elastic scattering of p and Λ in the final state and the single nucleon knock-out from the recoiling nucleus. The calculated invariant p-Λ mass distribution shows two peaks, one due to elastic scattering and another due to knock-out channel. The latter peak overlaps in position and width with the peak observed in the FINUDA measurements. The peak corresponding to elastic scattering is not seen in the experiments.
Measured angular correlation between p and Λ and their inclusive energy distribution agree with the corresponding calculated results including only the elastic scattering in the final state. Inclusion of the knock-out channel is likely to spoil this distribution.
Thus, finally, we may conclude that, seen in isolation, the experimentally observed shift in the invariant p-Λ mass distribution could be interpreted as due to single nucleon knock-out final state interaction. But, if we include other results, like the absence of elastic scattering peak in experiments, full agreement of the calculated p-Λ angular correlation and their inclusive spectra using only vertex I with the corresponding measurements, the situation becomes quite a bit confusing.
As a final comment in the present work on the "K − p p" cluster interpretation of the observed downshift of about 100 MeV in the FINUDA measurements of the Λ p invariant mass compared to its free value, the knock-out reaction in the final state seems to be a definitive alternative for this shift. Only discomfiture in this conclusion comes from the absence of the "elastic scattering" peak ( Fig. 9 ) in the observed invariant mass distribution in the FINUDA measurements. This absence can not be attributed to the cut off of the Λ hyperons below 300 MeV/c momentum in the FINUDA spectrometer as these momenta in the "elastic scattering" peak are above 400 MeV/c.
Availability of absolute measurements may help to understand the (K − , p Λ) reaction better.
